Next-generation sequencing of Okazaki fragments extracted from Saccharomyces cerevisiae  by Yanga, Wenchao & Lib, Xinhui
FEBS Letters 587 (2013) 2441–2447journal homepage: www.FEBSLetters .orgNext-generation sequencing of Okazaki fragments extracted
from Saccharomyces cerevisiae0014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2013.06.014
⇑ Corresponding author. Fax: +86 21 34206059.
E-mail addresses: chaosyw@126.com (W. Yang), xhli@sjtu.edu.cn (X. Li).Wenchao Yanga, Xinhui Lib ⇑
a School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai 200240, PR China.
bKey Laboratory of Systems Biomedicine (Ministry of Education) & State Key Laboratory of Oncogenes & Related Genes, Shanghai Jiao Tong
University, Shanghai 200240, PR Chinaa r t i c l e i n f o
Article history:
Received 8 April 2013
Accepted 11 June 2013
Available online 19 June 2013
Edited by Francesc Posas
Keywords:
Lambda exonuclease digestion
Okazaki fragment
DNA replication
Budding yeasta b s t r a c t
Genome-wide Okazaki fragment distribution can differentiate the discontinuous from the semi-dis-
continuous DNA replication model. Here, we investigated the genome-wide Okazaki fragment dis-
tribution in Saccharomyces cerevisiae S288C. We improved the method based upon lambda
exonuclease digestion to purify Okazaki fragments from S288C yeast cells, followed by Illumina
sequencing. The distribution of Okazaki fragments around conﬁrmed replication origins, including
two highly efﬁcient replication origins, supported the discontinuous DNA replication model. In S.
cerevisiae mitochondria, Okazaki fragments were overrepresented in the transcribed regions, indi-
cating the interplay between transcription and DNA replication.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Originally, the majority of nascent DNA was found to be synthe-The replication of DNA in each cell cycle is fundamental to all
organisms. The semi-discontinuous DNA replication model based
upon continuous leading strand synthesis and discontinuous lag-
ging strand synthesis has been widely accepted [1–2]. This model
was ﬁrst challenged in Escherichia coli by Okazaki et al. [3]. They ob-
served that all nascentDNAonboth strands appeared in small pieces
at ﬁrst and thus proposed the discontinuous DNA replicationmodel
[3]. However, in vitro experiments later on supported the continu-
ous leading strand synthesis [4,5]. In contrast, in vivo data were
more consistentwith the completely discontinuousDNA replication
model [6–8]. There is still a controversy about whether the leading
strand is synthesized continuously even in E. coli [9–11].
In comparison with E. coli, eukaryotic DNA replication is more
complex. Eukaryotic cells usually need multiple replication origins
to replicate their whole genomes in each cell cycle. Most of these
replication origins ﬁred with low efﬁciency in each cell cycle
[12]. Thus, it is difﬁcult to determine the direction of the replica-
tion fork movement and the strand distribution of Okazaki frag-
ments at speciﬁc genomic loci, which impedes the identiﬁcation
of the DNA replication model adopted by eukaryotes.
Saccharomyces cerevisiae, as a eukaryotic model organism, has
been widely studied for its replication mechanism [13–15].sized in pieces in S. cerevisiae by means of alkaline sucrose gradi-
ents [16]. Nevertheless, recent sequencing results of Okazaki
fragments still strongly supported the semi-discontinuous DNA
replication model [17]. Here, we investigated the genome-wide
distribution of Okazaki fragments by lambda exonuclease diges-
tion method to study the DNA replication process in S. cerevisiae
and tried to address this problem.
2. Materials and methods
2.1. Enrichment of RNA-primed ssDNA by treatment with lambda
exonuclease
The RNA-primed ssDNA (RNA(+)-DNA) and the ssDNA without
RNA primer (RNA()-DNA) were both synthesized by TaKaRa
(Dalian, China). The sequence of RNA(+)-DNA was 50- ACGUACGAUG
TGTTATCGGTAATCTGGTTCTGTTAGAGTCTTGCAGACAAACTGCGCAA
CTCGTGAAAGGTAGGCGGAT-30 and nucleotides in italic were ribo-
nucleotides. The sequence of RNA()-DNA was 50- TACGCAGA
GGATCTCACGTCGGATTAAAGTTCTGCTATG-30. 1 lg RNA(+)-DNA,
50 ng RNA(+)-DNA mixed with 1 lg RNA()-DNA and 50 ng
RNA(+)-DNA mixed with 50 ng RNA()-DNA were respectively
phosphorylated and digested by lambda exonuclease as previously
described [18]. Alternatively, after phosphorylation, the mixture
was treated by RNase One (Promega, Madison, WI) according
to the manufacturer’s instruction before lambda exonuclease
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Bethesda, MD) was used for photometric analysis.
2.2. Okazaki fragment puriﬁcation
Genomic and mitochondrial DNA of S. cerevisiae S288C was iso-
lated as described [18]. 1 lg RNA(+)-DNA and 1 lg RNA()-DNA
were then mixed with the extracted DNA. Afterwards, nucleic acids
approximately shorter than 300 nt were puriﬁed by sucrose gradi-
ent centrifugation basically as described [19]. These nucleic acids
were subject to phosphorylation, RNA degradation and lambda
exonuclease digestion sequentially as mentioned above. The puri-
ﬁed Okazaki fragments were ultimately resuspended in Tris–HCl
(pH 8.0). Full details are provided in the Supplementary Methods.
2.3. Sequencing library construction
The strategy for the library construction of Okazaki fragments
was basically the same as previously described with minor revision
[17] (Fig. 1). 30 Overhang of Adaptor 1 ensured that it could only be
ligated to Okazaki fragments’ 30 ends and 50 overhang of Adaptor 2
made it only ligated to Okazaki fragments’ 50 ends. Subsequent uni-
directional sequencing fromAdaptor 2 only produced the sequences
derived from the 50 ends of the puriﬁed Okazaki fragments. Further
details are provided in the Supplementary Methods.Fig. 1. Schematic of sequencing library construction of Okazaki fragments. Okazaki fragm
double line). After binding to the streptavidin (pink rectangle)-coated magnetic beads (y
double line). Finally, the ligation products were ampliﬁed by primers with 50 overhangs2.4. Sequencing and data analysis
The puriﬁed library was subjected to Illumina’s small RNA
sequencing platform at Chinese National Human Genome Center
at Shanghai. Steps in the sequencing workﬂow were carried out
according to standard procedures and the sequencing length was
33 bp. The reads were aligned to S. cerevisiae genome (Sac-
Cer_Apr2011/sacCer3) using Bowtie [20]. Raw sequencing data
are available at the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42929).
For comparison, data of Smith et al’s study [17] were down-
loaded from the Gene Expression Omnibus (http://www.ncbi.nlm.-
nih.gov/geo/query/acc.cgi?acc=GSE33786). For mitochondrial
analysis, both data sets were smoothed over a 1-Kb running
window.
3. Results
3.1. Enrichment of RNA-primed ssDNA by lambda exonuclease
digestion
Lambda exonuclease is well known for its ability to digest 50-
phosphorylated ssDNA and RNA primer has been reported to be
able to confer protection against lambda exonuclease digestion
[21]. To test RNA primer’s protective effect, 1 lg RNA(+)-DNAents (red line) were ﬁrst ligated to biotin (brown square)-labeled Adaptor 1 (cyan
ellow circle), Adaptor 1-ligated Okazaki fragments were ligated to Adaptor 2 (green
(orange and purple lines).
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Equal aliquots were taken out and heat inactivated along the whole
process of digestion. In this situation, the RNA primer could prevent
ssDNA from lambda exonuclease digestion well (Fig. 2(A)). Using
this strategy, we successfully enriched RNA(+)-DNA from the mix-
ture of 50 ng RNA(+)-DNA and 1 lg RNA()-DNA (Fig. 2 (B) lane
1P+). However, when we used the mixture of 50 ng RNA(+)-DNA
and 50 ng RNA()-DNA to test the method again, we found that
the phosphorylated RNA(+)-DNA was also severely degraded by
lambda exonuclease (Fig. 2 (B) lane 50P+). This result indicated that
lambda exonuclease could also digest phosphorylated RNA-primed
ssDNA but with an extremely low efﬁciency. With only a small
amount of sample available, RNA primer couldn’t confer protection
against lambda exonuclease digestion.
To enrich RNA-primed ssDNA from small amounts of sample,
we adopted another strategy. Phosphorylated RNA-primed ssDNA
was treated by RNase One to remove the RNA primer and exposed
a non-phosphorylated 50 end before lambda exonuclease digestion
[22]. Although lambda exonuclease could also digest non-phos-
phorylated ssDNA, it digested phosphorylated ssDNA 100 times
faster [23]. In this way, lambda exonuclease could preferentially
digest phosphorylated ssDNA originally without RNA primer at
ﬁrst and enrich the originally RNA-primed ssDNA through incom-
plete degradation. For 50 ng RNA(+)-DNA mixed with 1 lg or
50 ng RNA()-DNA, we could enrich RNA(+)-DNA in either situa-
tion using this strategy (lane 1k and lane 50k in Fig. 2(C)). Using
lane 10 ng, 20 ng and 50 ng in Fig. 2 (C) as standards, photometric
1 lg RNA()-DNA, 40.73 ng RNA(+)-DNA and 35.53 ng RNA()-
DNA remained. 96.45% of RNA()-DNA was removed by lambdaFig. 2. Enrichment of RNA-primed ssDNA by lambda exonuclease digestion. (A) 1 lg RNA
were heat inactivated at indicated times. (B) Enrichment of RNA-primed ssDNA through
mixed with 1 lg RNA()-DNA for lane 1C, lane 1P and lane 1P+. In lane 1P+, the m
enzymatic treatment was performed for lane 1C and phosphorylation was omitted in lan
50 ng RNA()-DNA. In lane 50P+, the mixture was treated by lambda exonuclease after p
phosphorylation were also used as controls. (C) Enrichment of RNA-primed ssDNA
exonuclease. Lane 1k: 50 ng RNA(+)-DNA and 1 lg RNA()-DNA were subject to lambda
1C: the same input as lane 1kwithout enzymatic treatment as a control. Lane 50k: 50 ng
Lane 50C: the same input as lane 50kwithout enzymatic treatment as a control. Lane 10 n
were loaded as standards.exonuclease digestion. For the input containing 50 ng RNA()-
DNA, only RNA(+)-DNA remained. So, the strategy of the phosphor-
ylated RNA primer removal before lambda exonuclease digestion
was appropriate for RNA-primed ssDNA enrichment from small
amounts of sample. This improved strategy would be used in the
following puriﬁcation of Okazaki fragments from S. cerevisiae.
3.2. Okazaki fragment distribution on S. cerevisiae chromosomes
After genomic DNA was puriﬁed from asynchronously growing
S. cerevisiae S288C, ssDNA approximately shorter than 300 nt was
isolated by sucrose gradient fractionation (Supplementary Fig. 1).
To monitor the enrichment effect on Okazaki fragments, we added
RNA(+)-DNA and RNA()-DNA during the puriﬁcation process to
simulate real Okazaki fragments and genomic contamination,
respectively. RNA(+)-DNA or RNA()-DNA was not homologous
to any sequences in S. cerevisiae genome. As Fig. 3(B) demon-
strated, the enrichment of RNA(+)-DNA was obvious while
RNA()-DNA was almost completely degraded after lambda exo-
nuclease digestion, which indicated the similar enrichment effect
on the concomitant Okazaki fragments and ensured the high purity
of the extracted Okazaki fragments. In order to generate the
sequencing library suitable for subsequent Illumina sequencing,
the sequencing primers were ligated to both ends of puriﬁed Oka-
zaki fragments (Fig. 1). After PCR ampliﬁcation, products approxi-
mately shorter than 400 bp were recovered from agarose gels,
which contained 83 bp-long adaptor sequences (Supplementary
Fig. 2). After subsequent high-throughput sequencing and
sequence alignment, we found that 96.10% reads could be mapped(+)-DNA was digested by lambda exonuclease after phosphorylation. Equal aliquots
phosphorylation followed by lambda exonuclease digestion. 50 ng RNA(+)-DNA was
ixture was treated by lambda exonuclease after phosphorylation. As controls, no
e 1P. For lane 50C, lane 50P and lane 50P+, 50 ng RNA(+)-DNA was mixed with
hosphorylation. Lane 50C without any enzymatic treatment and lane 50P without
by sequential treatment with T4 polynucleotide kinase, RNase One and lambda
exonuclease digestion after phosphorylation and subsequent RNA degradation. Lane
RNA(+)-DNA and 50 ng RNA()-DNA were subject to the same treatment as lane 1k.
g, 20 ng and 50 ng: the same amounts of RNA(+)-DNA and RNA()-DNA as indicated
Fig. 3. Okazaki fragment distribution on S. cerevisiae chromosomes. (A) Expected Okazaki fragment distribution around an ideal replication origin. (B) Extraction of Okazaki
fragments. Lane Sample: an aliquot of puriﬁed Okazaki fragments after ﬁnal treatment with lambda exonuclease. Lane Ctrl: the same aliquot as lane sample but without
lambda exonuclease digestion. (C) Distribution of sequencing hits of the puriﬁed Okazaki fragments (approximately shorter than 300 nt) mapping to either theWatson (above
the axis) or Crick (below the axis) strand across S. cerevisiae chromosome X. The locations of replication origins (15) were indicated as grey dashed lines. Data were
unsmoothed. Distribution of unsmoothed sequencing hits around ARS522 and ARS416 were shown in (D) and (E) and the green bars represented the replication origin
regions. (F) The enlarged view of the part of (E). The orange dot represented the transition point.
Table 1
The ratios of the number of sequencing reads of the puriﬁed Okazaki fragments
(approximately shorter than 300 nt) on the Watson strand to those on the Crick
strand in the 1-Kb regions around conﬁrmed replication origins on S. cerevisiae
chromosomes X.
Origins Ratios in left 1-Kb regions Ratios in right 1-Kb regions
ARS1004 0.594 1.336
ARS1005 1.098 1.810
ARS1006 0.705 1.717
ARS1007 2.532 1.159
ARS1007.5 2.421 0.717
ARS1008 0.286 1.517
ARS1009 1.232 1.349
ARS1009.5 2.376 2.867
ARS1010 2.309 1.347
ARS1011 0.989 0.799
ARS1012 1.044 1.573
ARS1013 1.074 1.031
ARS1014 0.721 1.231
ARS1015 1.290 0.384
ARS1016 0.861 2.508
ARS1017 1.344 0.790
ARS1017.5 2.210 2.453
ARS1018 0.641 0.526
ARS1018.5 0.884 0.549
ARS1019 0.802 1.294
ARS1020 1.626 0.729
ARS1021 0.635 0.662
ARS1022 1.218 0.412
ARS1023 1.750 1.750
ARS1025 2.000 0.010
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one mismatch was permitted.
In this study, we also chose S. cerevisiae chromosomes X as a
representative to facilitate comparison with Smith et al’s results
[17]. As Fig. 3(A) showed, asymmetric distribution of Okazaki frag-
ments around an ideal replication origin was expected according to
the semi-discontinuous DNA replication model. However, after
sequencing read alignment, we found that Okazaki fragments were
distributed on both strands on either sides of conﬁrmed replication
origins without obvious preference on S. cerevisiae chromosome X
(Fig. 3(C)). Among these conﬁrmed replication origins on S. cerevi-
siae chromosome X, only 60% of them showed more Okazaki frag-
ments on the Watson strand in their left 1-Kb regions and only 40%
of them showed more Okazaki fragments on the Crick strand in
their right 1-Kb regions (Table 1). 76% of total ratios were in the
range of 0.5–2 (Table 1). Therefore, we did not observe obvious
asymmetric distribution of Okazaki fragments around conﬁrmed
replication origins on S. cerevisiae chromosome X. In fact, we found
similar situations on other chromosomes (data not shown).
Since most replication origins in S. cerevisiae were reported to
be stochastically used in less than 50% of cell cycles [12,14], Oka-
zaki fragments produced by inefﬁciently ﬁred replication origins
would probably be submerged in those produced by neighboring
replication origins. In this way, the asymmetric distribution of Oka-
zaki fragments around these inefﬁciently ﬁred origins would be
masked. To avoid the interference of Okazaki fragments produced
by neighboring replication origins, we focused on Okazaki frag-
ment distribution around two highly efﬁcient replication origins,
ARS522 (Fig. 3(D)) and ARS416 (Fig. 3(E)). Both replication origins
were reported to be used in more than 90% of cell cycles [24]. Nev-
ertheless, the distributions of Okazaki fragments around these two
highly efﬁcient replication origins did not show the expectedasymmetry, either. The ratio of the sequencing reads on the Wat-
son strand to those on the Crick strand in the 1-Kb region left to
ARS522 was 0.33 and the Watson-to-Crick ratio in the right 1-Kb
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1-Kb region was 0.48 and the Watson-to-Crick ratio in the right
1-Kb region was 1.81. All the ratios were contrary to the expecta-
tion derived from the semi-discontinuous DNA replication model
and even indicated that the leading strands might produce more
Okazaki fragments. Okazaki fragments were distributed on both
strands on either sides of these two highly efﬁcient replication ori-
gins. These results indicated that the leading strand was also syn-
thesized discontinuously in these two regions and favored the
discontinuous DNA replication model.
3.3. Okazaki fragment distribution in S. cerevisiae mitochondria
Around previously reported replication origins in S. cerevisiae
mitochondria [25], Okazaki fragment distribution observed in our
study didn’t show obvious asymmetry, either (Fig. 4(A)). Smith
et al. also found the similar Okazaki fragment distribution in S.
cerevisiae mitochondria (Fig. 4(B)). The smoothed data on both
strands in our study were positively correlated with those in Smith
et al’s study, respectively (Fig. 4(C) and (D)). Such correlation also
demonstrated that the sequenced sample was true Okazaki frag-
ments in our study.
In Fig. 4(A) and (B), we observed that most sequencing reads
came from transcribed regions in S. cerevisiae mitochondria. The
mitochondrial genes COX1, ATP6, COB, COX2, Q0255 and COX3 asFig. 4. Okazaki fragment distribution in S. cerevisiaemitochondria. Okazaki fragment dist
were respectively demonstrated in (A) and (B). The relative positions of some mitochondr
of the smoothed data on both strands in these two studies was shown in (C) and (D), rewell as 15S rRNA and 21S rRNA accounted for 93.2% of total mito-
chondrial sequencing reads (92.0% of reads on the Watson strand
and 94.0% of reads on the Crick strand). These data indicated that
transcriptional activity probably affected the formation or lifetime
of Okazaki fragments in S. cerevisiae mitochondria.
4. Discussion
Recently, Smith et al. took advantage of ligase inactivation to
accumulate Okazaki fragments and obtained their genome-wide
distribution in S. cerevisiae mutants. As they demonstrated, a com-
plementary Okazaki fragment distribution with strong strand bias
around conﬁrmed replication origins across chromosome X could
be clearly seen, which supported the semi-discontinuous DNA rep-
lication model [17]. However, there was still a lack of similar re-
search work in wild-type yeast strains for comparison.
To isolate the minute amount of Okazaki fragments from wild-
type S. cerevisiae, we ﬁrst improved the lambda exonuclease diges-
tion method to make it suitable for the puriﬁcation of small
amounts of RNA-primed ssDNA. Then, we used this method to pur-
ify Okazaki fragments from the commonly used S. cerevisiae S288C.
To our surprise, our sequencing results of Okazaki fragments across
S. cerevisiae chromosome X showed that there was no obvious
asymmetric distribution of Okazaki fragments around those al-
ready conﬁrmed replication origins. Okazaki fragments wereributions in S. cerevisiaemitochondria obtained in this study and Smith et al’s study
ial protein-coding genes and rRNAs were illustrated below each plot. The correlation
spectively.
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and Table 1). Since most replication origins’ low ﬁring efﬁciency
[12] and stochastic ﬁring [14] in S. cerevisiae could lead to the
masking of the asymmetric distribution of Okazaki fragments, we
paid our attention to the distribution of Okazaki fragments around
two well-known highly efﬁcient replication origins, ARS416 and
ARS522, with >90% ﬁring efﬁciency [24]. The strand distribution
of Okazaki fragments in the 1-Kb regions around these two replica-
tion origins was also inconsistent with the expectation derived
from the semi-discontinuous DNA replication model. There was a
substantial amount of Okazaki fragments coming from the leading
strands. These data indicated that the leading strand was also syn-
thesized discontinuously in S. cerevisiae.
This conclusion was in a sharp contrast with Smith et al’s re-
sults [17] and appeared to contradict Gerbi et al’s replication initi-
ation point (RIP) mapping technique [26]. Although different yeast
strains or puriﬁcation methods might account for the discrepancy
in chromosomal Okazaki fragment distribution, it was possible
that Smith et al. might ﬁlter out Okazaki fragments coming from
the leading strands due to the size selection of small DNA frag-
ments. Previous studies had suggested that Okazaki fragments
coming from the leading strands might be much longer than those
coming from the lagging strands [27,28]. After a long time of doxy-
cycline treatment for ligase inactivation in Smith et al’s experi-
ments, most Okazaki fragments were expected to be fully
extended. In this situation, longer Okazaki fragments coming from
the leading strands would not be picked up due to size selection.
However, for these longer Okazaki fragments, their short interme-
diates being elongated in an asynchronous culture could still be
captured in our study. However, more experiments are needed to
prove this suppose.
RIP mapping, a technique developed based upon the semi-dis-
continuous DNA replication model, has been successfully used to
identify the transition point of ARS416 in S. cerevisiae [26]. In fact,
the transition of the distribution of Okazaki fragments from the
Crick to Watson strand was also observed around this transition
point in our study (Fig. 3(F)). The lack of sequencing signals on
the lagging strands around this transition point was due to the fact
that the 33-bp sequencing length could not cover a full-length
Okazaki fragment. Therefore, our sequencing result around the
transition point of ARS416 was consistent with Gerbi et al’s RIP
mapping result. The successful identiﬁcation of the transition point
of ARS416 by RIP mapping was probably due to that the primers
designed for extension reactions resided within the ﬁrst Okazaki
fragments of the leading strands.
Contrary to the chromosomal Okazaki fragment distribution,
Okazaki fragment distribution in S. cerevisiae mitochondria ob-
tained by our sequencing results showed positive correlation with
Smith et al’s data. One interesting phenomenon observed in both
studies was that most Okazaki fragments derived from S. cerevisiae
mitochondria came from annotated transcribed regions. It indi-
cated that transcriptional activity could affect the formation or life-
time of Okazaki fragments and conformed with the previously
reported interplay between transcription and DNA replication
[29–31]. However, there still exists a controversy over the replica-
tion mechanism of S. cerevisiae mitochondria and different models
have been proposed [32]. More research works are still needed to
elucidate the exact replication mechanism of S. cerevisiae
mitochondria.
As a conclusion, for the replication of S. cerevisiae chromosomes,
our study supported the discontinuous replication model originally
proposed by Okazaki et al. [3] and Pavlov et al’s eukaryotic fork
model [11]. These results were also in line with the previously re-
ported repriming events downstream of irreparable UV lesions on
the leading strands also in S. cerevisiae [27]. However, there is a bad
need to solve the discrepancy between our study and Smith et al’s.As to the mitochondrial Okazaki fragment distribution, transcrip-
tional activity appeared to inﬂuence the Okazaki fragment distri-
bution and further experiments are called upon to understand
the underlying mechanism responsible for S. cerevisiae mitochon-
drial DNA replication.
Acknowledgements
We thank Dr. Daniel M. Czajkowsky for helpful discussions. This
work was supported by the State Key Development Program for
Basic Research of China (Grant no. 2010CB529205), the National
Natural Science Foundation of China (Grant nos. 30900271 and
91229108) and the Shanghai Municipal Science and Technology
Commission (10PJ1405100).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/
j.febslet.2013.06.014.
References
[1] Iyer, V.N. and Lark, K.G. (1970) DNA replication in Escherichia coli: location of
recently incorporated thymidine within molecules of high molecular weight
DNA. Proc. Natl. Acad. Sci. USA 67, 629–636.
[2] Alberts, B. and Sternglanz, R. (1977) Recent excitement in the DNA replication
problem. Nature 269, 655–661.
[3] Okazaki, R., Okazaki, T., Sakabe, K., Sugimoto, K. and Sugino, A. (1968)
Mechanism of DNA chain growth. I: possible discontinuity and unusual
secondary structure of newly synthesized chains. Proc. Natl. Acad. Sci. USA 59,
598–605.
[4] Herrmann, R., Huf, J. and Bonhoeffer, F. (1972) Cross hybridization and rate of
chain elongation of the two classes of DNA intermediates. Nat. New Biol. 240,
235–237.
[5] Olivera, B.M. and Bonhoeffer, F. (1972) Discontinuous DNA replication
in vitro. I: two distinct size classes of intermediates. Nat. New Biol. 240,
233–235.
[6] Wang, T.C. and Smith, K.C. (1989) Discontinuous DNA replication in a lig-7
strain of Escherichia coli is not the result of mismatch repair, nucleotide-
excision repair, or the base-excision repair of DNA uracil. Biochem. Biophys.
Res. Commun. 165, 685–688.
[7] Wang, T.C. and Chen, S.H. (1994) Okazaki DNA fragments contain equal
amounts of lagging-strand and leading-strand sequences. Biochem. Biophys.
Res. Commun. 198, 844–849.
[8] Amado, L. and Kuzminov, A. (2006) The replication intermediates in
Escherichia coli are not the product of DNA processing or uracil excision. J.
Biol. Chem. 281, 22635–22646.
[9] Wang, T.C. (2005) Discontinuous or semi-discontinuous DNA replication in
Escherichia coli? BioEssays 27, 633–636.
[10] Langston, L.D., Indiani, C. and O’Donnell, M. (2009) Whither the replisome:
emerging perspectives on the dynamic nature of the DNA replication
machinery. Cell Cycle 8, 2686–2691.
[11] Pavlov, Y.I. and Shcherbakova, P.V. (2010) DNA polymerases at the eukaryotic
fork-20 years later. Mutat. Res. 685, 45–53.
[12] Gilbert, D.M. (2010) Evaluating genome-scale approaches to eukaryotic DNA
replication. Nat. Rev. Genet. 11, 673–684.
[13] Friedman, K. L., Brewer, B. J. and Fangman, W. L. (1997) Replication proﬁle of
Saccharomyces cerevisiae chromosome VI, Genes to Cells. 2, 667–678.
[14] Czajkowsky, D.M., Liu, J., Hamlin, J.L. and Shao, Z. (2008) DNA combing reveals
intrinsic temporal disorder in the replication of yeast chromosome VI. J. Mol.
Biol. 375, 12–19.
[15] Nieduszynski, C.A., Hiraga, S., Ak, P., Benham, C.J. and Donaldson, A.D. (2007)
OriDB: a DNA replication origin database. Nucleic Acids Res. 35, D40–D46.
[16] Johnston, L.H. and Nasmyth, K.A. (1978) Saccharomyces cerevisiae cell cycle
mutant cdc9 is defective in DNA ligase. Nature 274, 891–893.
[17] Smith, D.J. and Whitehouse, I. (2012) Intrinsic coupling of lagging-strand
synthesis to chromatin assembly. Nature 483, 434–438.
[18] Gerbi, S.A. and Bielinsky, A.K. (1997) Replication initiation point mapping.
Methods 13, 271–280.
[19] Abdurashidova, G., Deganuto, M., Klima, R., Riva, S., Biamonti, G., Giacca, M.
and Falaschi, A. (2000) Start sites of bidirectional DNA synthesis at the human
lamin B2 origin. Science 287, 2023–2026.
[20] Langmead, B., Trapnell, C., Pop, M. and Salzberg, S.L. (2009) Ultrafast and
memory-efﬁcient alignment of short DNA sequences to the human genome.
Genome Biol. 10, R25.
[21] Radding, C.M. (1966) Regulation of lambda exonuclease. I: properties of
lambda exonuclease puriﬁed from lysogens of lambda T11 and wild type. J.
Mol. Biol. 18, 235–250.
W. Yang, X. Li / FEBS Letters 587 (2013) 2441–2447 2447[22] Spahr, P.F. and Hollingworth, B.R. (1961) Puriﬁcation and mechanism of action
of ribonuclease from Escherichia coli ribosomes. J. Biol. Chem. 236, 823–831.
[23] Sriprakash, K.S., Lundh, N., Huh, M.-O. and Radding, C.M. (1975) The speciﬁcity
of lambda exonuclease. Interactions with single-stranded DNA. J. Biol. Chem.
250, 5438–5445.
[24] Fangman, W.L. and Brewer, B.J. (1991) Activation of replication origins within
yeast chromosomes. Annu. Rev. Cell Biol. 7, 375–402.
[25] Foury, F., Roganti, T., Lecrenier, N. and Purnelle, B. (1998) The complete
sequence of the mitochondrial genome of Saccharomyces cerevisiae. FEBS Lett.
440, 325–331.
[26] Bielinsky, A.K. and Gerbi, S.A. (1999) Chromosomal ARS1 has a single leading
strand start site. Mol. Cell 3, 477–486.
[27] Lopes, M., Foiani, M. and Sogo, J.M. (2006) Multiple mechanisms control
chromosome integrity after replication fork uncoupling and restart at
irreparable UV lesions. Mol. Cell 21, 15–27.[28] Van, C., Yan, S., Michael, W.M., Waga, S. and Cimprich, K.A. (2010) Continued
primer synthesis at stalled replication forks contributes to checkpoint
activation. J. Cell Biol. 189, 233–246.
[29] Pomerantz, R.T. and O’Donnell, M. (2008) The replisome uses mRNA as a
primer after colliding with RNA polymerase. Nature 456, 762–766.
[30] Branzei, D. and Foiani, M. (2010) Maintaining genome stability at the
replication fork. Nat. Rev. Mol. Cell Biol. 11, 208–219.
[31] Bermejo, R., Lai, M.S. and Foiani, M. (2012) Preventing replication stress to
maintain genome stability: resolving conﬂicts between replication and
transcription. Mol. Cell 45, 710–718.
[32] Lipinski, K.A., Kaniak-Golik, A. and Golik, P. (2010) Maintenance and
expression of the S. cerevisiae mitochondrial genome – from genetics to
evolution and systems biology. Biochim. Biophys. Acta 1797, 1086–1098.
